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s u m m a r y
The interactions between surface water, the vadose zone, groundwater, and vegetation are governed by
complex feedback mechanisms. Numerical models simulating these interactions are essential in quanti-
fying these processes. However, the notorious lack of ﬁeld observations results in highly uncertain
parameterizations. We suggest a new type of observation data to be included in the calibration data
set for hydrological models simulating interactions with vegetation: Tree rings as a proxy for transpira-
tion. We use the lower Tarim River as an example site for our approach. In order to forestall the loss of
riparian ecosystems from reduced ﬂow over a 300 km reach of the lower Tarim River, the Chinese gov-
ernment initiated periodical, ecological water releases. The water exchange processes in this region were
simulated for a cross-section on the lower reaches of the Tarim River using a numerical model (Hydro-
GeoSphere) calibrated against observations of water tables, as well as transpiration estimated from tree
ring growth. A predictive uncertainty analysis quantifying the worth of different components of the
observation dataset in reducing the uncertainty of model predictions was carried out. The ﬂow of infor-
mation from elements of the calibration dataset to the different parameters employed by the model was
also evaluated. The ﬂow of information and the uncertainty analysis demonstrate that tree ring records
can signiﬁcantly improve conﬁdence in modeling ecosystem dynamics, even if these transpiration esti-
mates are uncertain. To use the full potential of the historical information encapsulated in the Tarim River
tree rings, however, the relationship between tree ring growth and transpiration rates has to be studied
further.
1. Introduction
The Tarim River in Xinjiang in northwest China (Fig. 1) is the
most important source of water in the Tarim Basin (Cui and
Shao, 2005). Over the last few decades, the rapid development of
irrigation in the Tarim Basin has led to an increased demand for
water. This threatens the riparian Populus euphratica forests in
the lower reaches of the river, where water stopped ﬂowing after
the construction of Daxihaizi Reservoir (Fig. 1) in 1972 (Hou
et al., 2007). In response to the severe degradation of these unique
ecosystems, the Chinese government initiated the Ecological Water
Conveyance Project (EWCP) in 2000. Its purpose is to conserve and
restore the riparian ecosystems, and to prevent further desertiﬁca-
tion (Xu et al., 2007). These goals are to be achieved by periodically
providing water from both Daxihaizi Reservoir and Lake Bostan
(situated northwest of Daxihaizi Reservoir, Fig. 1) for ﬂow down-
stream. Between 2000 and 2007, 11 ecological water releases were
realized. These releases led to a rise of the water table in the vicin-
ity of the river, and had a positive impact on the riparian vegeta-
tion (Chen et al., 2008): The tree ring growth record of P.
euphratica indicates signiﬁcant growth periods in response to the
ﬂow releases, as opposed to the pre-release tree ring record
(Yang and Li, 2011; Yu et al., 2011).
Unfortunately, these ecological water releases come at high
economic cost, as the water made available for the lower Tarim
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River could otherwise be used to support upstream agricultural
production. In order to preserve the downstream ecosystems,
while simultaneously minimizing the costs for the agriculture
upstream, the ﬂow releases have to be optimized. Optimal in this
context means that only the amount of water required by the
plants is made available to them; water that is not used by plants
replenishes the vast regional groundwater systems and has mini-
mal economical value. Understanding and quantifying the dynam-
ics between inﬁltration along the river and transpiration of water
through the riparian trees is therefore essential for an efﬁcient allo-
cation of the scarce water resources. Previous modeling studies
have focused on speciﬁc aspects of the system, e.g. Yang et al.
(2004) modeled hydraulic heads as a function of the Tarim River
stream ﬂow using analytical approaches without considering veg-
etation processes. To quantify and optimize the riparian water use
efﬁciency (deﬁned herein as the ratio of transpiration to inﬁltration
from the river) of past and future water releases, however, a
numerical model simulating all relevant processes is required.
Parameters that govern hydraulic and vegetation processes need
to be calibrated based on measurements of the system state.
Unfortunately, as is the case for many remote ﬁeld sites, apart
from hydraulic head measurements and some isolated discharge
measurements, no other hydraulic data are available for the
321 km length of the lower Tarim River. This is problematic, as
observations of hydraulic heads cannot fully inform parameters
governing plant water uptake processes (Brunner et al., 2012).
Given the limited availability and diversity of observations, the
assessment of the overall efﬁciency of past and future ecological
water releases is highly uncertain.
As indicated above, however, the previous ﬂow releases have
left a very clear signature in the tree ring growth record of the
riparian vegetation (Yu et al., 2011). If it were possible to integrate
the historic information encapsulated in the tree ring growth
record, the calibration dataset could be signiﬁcantly expanded,
and the uncertainty of predictions of the riparian water use
efﬁciency potentially reduced. But before a signiﬁcant amount of
tree ring growth data is acquired through expensive and time-
consuming ﬁeld campaigns along the Tarim River, a range of
important questions have to be addressed:
(1) How can the historic information encapsulated in tree rings
be used in the calibration of models simulating surface
water, groundwater, and vegetation interactions?
(2) What is the data worth of tree rings? In other words, to what
extent can tree ring growth data reduce the uncertainty of
the predicted riparian water use efﬁciency beyond that
afforded by observations of hydraulic heads?
(3) Which speciﬁc model parameters can be estimated with the
new type of data?
This paper aims at answering these three questions, using the
Tarim River site as an example. For this purpose, a numerical model
that simulates the inﬁltration along the river, the ﬂow through the
unsaturated and saturated zones, as well as plant water uptake
equivalent to transpiration is set up. The model is calibrated using
hydraulic head observations, as well as transpiration estimates cal-
culated from tree ring data. The worth of the different types of
observation data in reducing the uncertainty of predicted inﬁltra-
tion and transpiration rates is quantiﬁed under consideration of
their measurement uncertainty. Finally, an analysis on the ﬂow of
information from the calibration dataset to the calibrated parame-
ters is carried out, providing fundamental insights into how the
speciﬁc observations inform model parameters.
The results of this study are critical for modeling, data usage,
and for the planning of future data acquisition and water release
strategies in the Tarim Basin. Additionally, this work has signiﬁcant
repercussions to the rapidly growing ﬁeld of modeling the interac-
tions and feedback mechanisms between hydrological and ecolog-
ical systems. To the best of the authors’ knowledge this is the ﬁrst
study that integrates tree ring data (as a proxy for transpiration)
Fig. 1. The Yingsu study site on the lower Tarim River. The model outline, as well as the transect of observation wells (P1–4), and the three distinct zones of vegetation
density are outlined in the satellite photo on the right hand side (available through GoogleEarth (2003)). The satellite image on the top left shows the middle and lower
reaches of the Tarim River, Daxihaizi Reservoir, the Yingsu measurement site, as well as the three other important sites Alagan, Taitema Lake, and Bostan Lake, in the Tarim
Basin (available through NASA (2001)). The location of the Tarim River in China is shown on the map on the bottom left corner.
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into the calibration of a hydrological model and, for the ﬁrst time, it
is shown how such data can inform critical model parameters.
The paper is organized as follows: First the study site and the
available data are described. Then the approach of estimating tran-
spiration from tree ring growth for the use in the calibration pro-
cess is explained. Descriptions of the conceptual and numerical
model, as well as of the model calibration and validation, follow.
Subsequently, the methods applied to quantify data worth, predic-
tive uncertainty reduction, and ﬂow of information, are described.
Simulation results, together with data worth and the ﬂow of infor-
mation analyses are then presented. Discussion and conclusions
complete this study.
2. Materials and methods
2.1. Study site
In order to document the response of the water table during
the ecological water releases, the local authorities installed
observation wells at 9 cross-sections along the lower Tarim River
(Chen et al., 2009). For the subsequent analyses, data from the
cross-section in Yingsu, located 61 km downstream of Daxihaizi
Reservoir (Fig. 1) are used. This location was chosen due to the
availability of local data of the channel geometry, the water level
in the Tarim River during the releases, and the subsequent
response in groundwater and tree ring growth. Climatic data
are also available.
The channel section in Yingsu has a symmetric, trapezoidal
shape, with a 10 m wide bed, a depth of 1.77 m and a bank slope
of 2.2. The bed has an elevation of 832.4 m above sea level (ASL)
and the bank of 834.11 m ASL The river ﬂows over bare sand; no
streambed or clogging layer has developed in the channel. The
aquifer in Yingsu is unconﬁned, more than 40 meters deep and
composed of homogeneous windblown sand (Hou et al., 2007;
Yang et al., 2004). In total, 11 ecological water releases took place,
but the ﬁrst release was not properly documented in Yingsu, and
after the 6th release water was routed through a new channel in
the proximity of Yingsu. Therefore, only data of the ﬁrst 5 docu-
mented releases are used in this study. These releases were named
2nd, 3rd(I), 3rd(II), 4th, and 5th(I). For better comprehension, the
ﬁrst documented release is hereby deﬁned in this study as release
1 and incrementing numbers are assigned to the subsequent
releases.
Discharge of releases 1–4 was measured at three measurement
stations (Hou et al., 2007): at Daxihaizi Reservoir (0 km), in Yingsu
(61 km) and in Alagan (143 km) (Fig. 1). The average inﬁltration
between the stations was estimated by calculating the reduction
of ﬂow between Yingsu and the other stations (Table 1). With such
limited data, however, a reliable estimation of the inﬁltration is not
possible for a particular location.
In Yingsu, the response of the groundwater table to the ecolog-
ical water releases was measured in 8 observation wells along a
transect. However, only for four wells reliable and complete data
are available. These wells were labeled C3, C4, C5 and C1; for ease
of reading they are here referred to as wells P1, P2, P3, and P4,
respectively, and are located at distances of 60 m, 130 m, 200 m,
and 230 m perpendicular to the channel. The locations of P1–4
are shown in Fig. 1. Well P4 lies on the north side of the channel.
Assuming that the ﬂow of water at the transect is approximately
symmetric and that the subsurface is homogeneous, in this study
well P4 was mirrored onto the south side of the Yingsu channel
(this assumption is validated in Section 2.3.5.). Measurements of
the depth to groundwater are available from the beginning of
release 1. The measured hydraulic heads in wells P1–4 during
the extended 993-days period of the ecological water releases
1–5 as well as the surface water table in the Tarim River are illus-
trated in Fig. 2. From the available 96 groundwater level observa-
tions, 5 were removed from the subsequent analysis (as
indicated in Fig. 2). These observations were obvious outliers that
could only be explained by measurement errors.
Potential evapotranspiration (EP) in the Tarim Basin amounts to
2750 mm per year. Annual rainfall is less than 50 mm, and due to
the high EP a negligible source of groundwater recharge for the
region. Apart from water availability and EP, the density of the
vegetation cover controls transpiration. The vegetation cover is
expressed by the dimensionless leaf area index (LAI). Ma et al.
(2009) found an average LAI of 1.85 for individual P. euphratica
trees. The density of P. euphratica trees decreases with increasing
distance to the channel. An analysis of satellite images
(GoogleEarth, 2003) allowed identifying three distinct zones of
vegetation densities in Yingsu (indicated in Fig. 1). The trees were
counted in a corridor of 100 m width along the transect. The
highest density of P. euphratica is found up to 100 m distance from
the channel (Zone 1, 0.007 trees/m2), at a distance between 100
and 300 m from the channel the density is less (Zone 2,
0.003 trees/m2), and at a distance between 300 and 1500 m, the
density is very small (Zone 3, 0.00057 trees/m2).
Yu et al. (2011) who studied tree ring growth in Yingsu subdi-
vided the growth of P. euphratica into two periods, a low growth
period prior to 2001 and a high growth period post 2001, indicat-
ing that water is the limiting factor for growth. Tree ring growth of
the P. euphratica trees has been recorded along the transect in
Yingsu since 1995 (Yang and Li (2011), pers. communication).
The tree ring growth data available to this study (Table 2) were
measured in 5 plots at different distances to the channel and mea-
surements were taken on branches of similar circumference. A
comparison of tree ring growth prior to 2000 to growth in 2003
reveals an increase of growth by up to a factor of 5.
In order to quantify the water balance for this system, and to
understand the uptake of water through vegetation in response
to the ﬂow releases, information about transpiration is required.
As transpiration was not measured in Yingsu during the water
releases an approach to relate tree ring growth to transpiration
has to be established.
Table 1
An overview over the duration of stream-ﬂow in Yingsu as well as estimated inﬁltration volumes. Inﬁltration volumes were calculated using the discharge volumes from Hou
et al. (2007). No information is available on release 5. The inﬁltration was separately calculated for the section between Daxihaizi Reservoir and Yingsu (Upstream) as well as for
the section between Yingsu and Alagan (Downstream).
Dates Duration (days) Inﬁltration (m3/m per riverside)
Upstream Downstream
Release 1 17.11.2000–07.02.2001 83 106 542
Release 2 04.04.2001–07.07.2001 95 82 152
Release 3 15.09.2001–19.11.2001 66 62 144
Release 4 24.07.2002–19.11.2002 119 88 136
Release 5 06.03.2003–29.04.2003 55 – –
Total 418 338 974
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2.2. Estimating transpiration from tree ring growth
Literature on transpiration rates of P. euphratica is scarce. Only
three studies report transpiration of P. euphratica for the larger
Xinjiang region (Chen et al., 2011; Fu et al., 2011; Si et al., 2007).
For a number of reasons the application of these results to Yingsu
is not straightforward. Chen et al. (2011) reported transpiration
rates that exceed the EP for Yingsu, and the data could therefore
not be applied to this study. In the study of Fu et al. (2011) transpi-
ration rates were reported in the form of standardized impact fac-
tors without further speciﬁcations. As insufﬁcient information was
provided to reconstruct the actual transpiration rates, the results of
Fu et al. (2011) could not be integrated here. On the other hand, the
study of Si et al. (2007) on P. euphratica proved to be crucial to this
study. That study was carried out in the Ejina Basin, a neighboring
basin with nearly identical environmental conditions as in Yingsu.
In their detailed literature review, the authors demonstrate that
their measurements of transpiration are plausible for the given cli-
matic conditions, and in line with transpiration estimates of other
species in similar environments. Si et al. (2007) measured transpi-
ration of P. euphratica together with depth to groundwater; tree
ring growth was, however, not reported. The depth to groundwater
was measured in Yingsu and in the Ejina Basin and it therefore
forms the key link between transpiration rates and tree ring
growth.
Due to the limited data availability and remote nature of the
ﬁeld site a number of key assumptions had to be made to make
use of the data provided by Si et al. (2007):
 The relations between depth to groundwater, tree ring growth,
and transpiration in the Ejina Basin are the same as in Yingsu.
 The relation between tree ring growth and transpiration is lin-
ear for P. euphratica; In the only relevant publication on this
subject known to the authors, Breda and Granier (1996) also
found a near linear relationship between transpiration and tree
ring growth, in their case for Quercus petrea.
 That tree ring growth is zero if transpiration is zero. This
assumption is plausible because biomass production is inevita-
bly linked to photosynthesis, which requires a certain degree of
transpiration.
Based on the above-mentioned assumptions, the relationship
between tree ring growth and transpiration was established, fol-
lowing the approach described below and illustrated in Fig. 3:
 In Fig. 3a tree ring growth in Yingsu (Yang and Li, 2011) is plotted
as a function of the depth to groundwater. The data show that an
increasing depth to groundwater is associated with decreasing
growth, and that this relation is approximately linear.
 The average depth to groundwater and the corresponding tran-
spiration of Si et al. (2007) are 2.9 m and 4.05 m3/a, respec-
tively. The two circle markers on the x-axis of Fig. 3a and b
indicate these two values.
 The linear relationship based on the data between depth to
groundwater and tree ring growth in Yingsu was used to calcu-
late a corresponding value of tree ring growth for the measure-
ment of Si et al. (2007) (Point A, Fig. 3a).
Fig. 2. The diamond markers represent the GW level measurements available for the period of 07.11.2000–28.07.2003, comprising releases 1–5, in wells P1–4. The dotted
black line represents the surface water level in the Tarim River. Triangular markers indicate the four measurements that were removed from the analysis. Note that there is an
extensive unsaturated zone with a thickness between 4 and 7 m; the thickness increases with increasing distance to the channel.
Table 2
Annual tree ring growth of Populus euphratica measured in Yingsu at different
distances from the Tarim River. This data has been obtained through personal
communication with Yang and Li (2011).
Distance to the river (m) Annual tree ring growth (mm)
2000 2001 2002 2003 2004 2005
50 1.411 2.812 3.151 3.425
150 1.907 2.106 2.371 2.552 2.620 2.296
350 1.191 2.306 2.268 2.288
550 0.853 1.064 1.532 1.850
1000 0.812 1.070 1.175 1.306
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 This provides the ﬁrst point for establishing the relation
between transpiration rates and tree ring growth (Point B,
Fig. 3b).
 The second point of the relationship between transpiration and
tree ring growth is the coordinate origin (Fig. 3b).
 Under the plausible assumption that tree ring growth is zero for
zero transpiration, and following the ﬁndings of Breda and
Granier (1996) that the relation between tree ring growth and
transpiration is linear, a linear relation deﬁned through the
coordinate origin and point B was established (Fig. 3b). This
resulting linear function was used to convert each annual tree
ring growth observation in Yingsu to a corresponding transpira-
tion rate.
 Clearly, these estimates of transpiration are highly uncertain.
An error of ±20% for the linking point B in Fig. 3b is assumed.
This provides a sufﬁciently large margin to consider measure-
ment errors of Si et al. (2007) but also to account for uncertainty
related to the assumption of linearity. The assumed error trans-
lates into ±0.8 m3/a for point B. The dashed lines in Fig. 3b
represent this uncertainty in the transpiration estimates. The
uncertainty is subsequently considered both in the calibration
process (see Section 2.3.4.) as well as in in the predictive uncer-
tainty analysis (see Section 3.2.). For the predictive uncertainty
analysis even larger uncertainties are explored.
The estimated annual transpiration rates were then multiplied
by the number of trees found in the three vegetation zones
(Fig. 1) that correspond to the distances of tree ring measure-
ments. The resulting transpiration volumes are summarized in
Table 3.
2.3. Modeling
2.3.1. Modeling strategy
A two-dimensional (2-D) cross-sectional model is used to sim-
ulate the dynamics along the Yingsu transect (the red line in
Fig. 1). This modeling strategy was chosen because the computa-
tional demand for calibration and uncertainty analysis of a 2-D
model is signiﬁcantly smaller compared to a three-dimensional
(3-D) model. Modeling Yingsu using a 2-D approach implicitly
assumes that the meander does not have a signiﬁcant three-
dimensional inﬂuence on groundwater ﬂow and the resulting
riparian water use efﬁciency. The 2-D approach is validated, by
comparing the 2-D to a 3-D model. The 3-D model simulates a big-
ger area surrounding the transect, as outlined in Fig. 1. The same
parameter values are used in both models. The observations, the
simulation results of the 2-D model, and the simulation results of
the 3-D model are compared by looking at:
 Groundwater levels using absolute values.
 Groundwater levels using the root mean squared error (RMSE).
 Groundwater levels using the Nash Sutcliffe model efﬁciency
(NSE) coefﬁcient (Moriasi et al., 2007).
 Transpiration and inﬁltration.
After demonstrating that a 2-D model is a valid approximation
for the ﬂow ﬁeld in Yingsu, the data worth of the observations in
reducing the predictive uncertainty of the model is quantiﬁed. This
allows calculating to what extent the historic information encapsu-
lated in the tree rings complement observations of hydraulic
heads. Finally, the ﬂow of information from observations to cali-
brated model parameters is explored.
2.3.2. Modeling code
For a number of reasons, the fully-coupled, physically-based
HydroGeoSphere (HGS) modeling code (Therrien et al., 2010) is
used in this study. Above all HGS was chosen for its ability to sim-
ulate all the relevant processes simultaneously, which are: ground-
water ﬂow, inﬁltration, transpiration, evaporation, and the ﬂow in
the unsaturated zone. Neglecting the unsaturated zone under a
river can lead to signiﬁcant errors in simulating the dynamics
between surface water and groundwater (Brunner et al., 2010),
Fig. 3. (a) Tree ring growth of Populus euphratica as a function of the depth to groundwater in Yingsu (Yang and Li, 2011). The relation is approximately linear (Tree ring
growth = 0.488 ⁄ Depth to groundwater + 4.273). The different symbols correspond to different distances from the channel in Yingsu. (b) The estimated linear relationship
between tree ring growth and transpiration (Tree ring growth = 1.434 ⁄ Transpiration). The circles on the x-axes represent the depth to groundwater/transpiration
measurement of Si et al. (2007). Point A and B represent the calculated tree ring growth for the value of Si et al. (2007). The transpiration uncertainty range of ±0.8 m3/a is
indicated in ﬁgure (b) by two dotted lines.
Table 3
Annual transpiration volumes for a cross-section of 1 m width in m3. The total
transpiration is the sum of the three different zones of vegetation.
Annual transpiration volume per vegetation zone (m3)
Zone 1 Zone 2 Zone 3 Total
2001 2.8 1.9 1.1 5.7
2002 3.2 2.0 1.5 6.7
2003 3.4 2.1 1.9 7.4
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especially in areas where substantial amounts of water can be
stored in the unsaturated zone underneath the river bed, as is
the case at the Tarim River site. Furthermore, P. euphratica extract
water from both the saturated and unsaturated zones; HGS allows
vegetation to extract water from both zones, and provides a
detailed model output on both transpiration and evaporation sep-
arately. This is an essential advantage over other modeling codes,
as the inﬂuence of vegetation on the water balance of the Tarim
River region needs to be understood separate from normal soil
evaporation.
The suitability of HGS in similar modeling contexts has been
demonstrated in a number of studies, e.g. Doble et al. (2011)
who simulated inﬁtration in response to surface water waves, or
Banks et al. (2011) who simulated the interaction between surface
water and vegetation. Calibration and uncertainty analysis with
PEST has been successfully used in conjunction with HGS
(Brunner et al., 2012).
The governing equations of HGS are described in detail in the
Appendix A. Subsurface ﬂow in HGS is simulated based on the
Richards equation. Saturation is related to the relative permeability
(kr) and to pressure using the approach of Van Genuchten (Therrien
et al., 2010). The calculation of evapotranspiration is based on the
approach presented by Kristensen and Jensen (1975) (as employed
by Panday and Huyakorn (2004)). In the approach of Kristensen
and Jensen (1975), plant transpiration is a mechanistic function
of EP and three scaling functions:
 The ﬁrst relation describes the linear dependency of transpira-
tion on the LAI and is parameterized using the two constants
C1 and C2. Transpiration increases with increasing LAI (see f1
in the Appendix A).
 The second relation describes the dependency of transpiration
on the soil moisture content: the full transpiration potential is
reached at a soil moisture content between the ﬁeld capacity
(hfc) and the oxic limit (hox). Transpiration approaches zero
above hox and below the wilting point (hwp). This relation is
parameterized using the constant C3 (see f2 in the Appendix A).
 The third relation describes the dependency of transpiration on
the root depth (rd): The rd deﬁnes the maximum depth of tran-
spiration, and the amount of water transpired per depth
depends on the root mass distribution (see the root distribution
function (RDF) in the Appendix A).
If EP is not reached through transpiration alonewater is removed
by direct soil evaporation, which reduces with increasing depth and
is limited by an extinction depth (ET depth). Below the ET depth
water cannot be mobilized for direct soil evaporation on the
surface; only roots can access deeper water for evapotranspiration.
2.3.3. Numerical model
2.3.3.1. Geometry. The transect is modeled in 2-D as an unconﬁned
aquifer of 1500 m width and a minimum of 30 m saturated plus
5–9 m unsaturated thickness. The base elevation of the model is
797 m ASL. As the model is a 2-D cross-sectional model, the model
thickness is one unit (1 m). The topography along the transect was
surveyed at 7 points to a distance of 1500 m from the river (Yang
et al., 2004). The topography of the cross-section was interpolated
in a linear fashion from these known points of elevation. The Tarim
River in Yingsu is approximately symmetric with respect to the
ﬂow direction, and therefore, only half space, i.e. the southern side
of the river, is modeled to reduce the computational demand by a
factor of two. The observation wells are simulated at the distance
that corresponds to their perpendicular distance to the channel.
The 3D model only simulates the southern side of the Yingsu
channel section as well. The same channel and aquifer geometries
are used in both models. The total length of the channel in the 3-D
model is approximately 1000 m and the ﬂoodplain area has an
extent of approximately 1 million m2. For the 3-Dmodel the topog-
raphy of the Yingsu region was obtained from a 90 m-resolution
digital elevation model (DEM) from the Shuttle Radar Topographic
Mission (SRTM) (Jarvis et al., 2008). The DEM was adjusted by
7 m in order to match the unknown reference system of Yang
et al. (2004).
2.3.3.2. Temporal and spatial discretization. Horizontally, the 2-D
cross-sectional model consists of a rectangular grid with 222 cells
that become narrower the closer they lie to the Tarim River. In the
channel the resolution is 0.15 m. The high resolution within the
channel and its bank ensures that the relation between water
depth and wetted perimeter is following the real bathymetry.
Vertically, the model is divided into 120 layers. The vertical node
spacing in the lower part of the model domain is 0.875 m. The
unsaturated zone is discretized with a maximum vertical resolu-
tion of 0.175 m. The spatial discretization of the 2-D cross-
sectional model is shown in Fig. 4.
The 3-D model is spatially discretized with a lower resolution
using a triangular grid (in contrast to the 2-D model). This slightly
different approach was chosen to better represent the outline of
the channel. Horizontally, the resolution decreases stepwise at dis-
tances of 6 m, 60 m and 250 m from the centerline of the channel.
In the vertical direction, the model is subdivided into 31 layers. The
top four layers have an approximate height of 0.125 m, the follow-
ing 23 layers of 0.5 m and the bottom 4 layers of 7 m each. The spa-
tial discretization of the 3-D model is illustrated in Fig. 6.
An automatic time stepping scheme with a maximum time step
size of 1 day and a minimum of 0.1 days is used for both models.
The initial time step is 0.1 days.
2.3.3.3. Boundary and initial conditions. The base of the models, as
well as the symmetry axis, which is represented by the centerline
of the stream, is impervious. Groundwater ﬂow along the river is
assumed to be perpendicular to the stream and therefore the lat-
eral boundaries of the 2-D and the 3-D models are also impervious.
A steady water table 1500 m away from the channel has estab-
lished during the decades without water ﬂowing in the Tarim
River. This is conceptualized through a constant head boundary
condition with a hydraulic head of 827 m ASL. The stage in the
Tarim River (represented by the dashed line in Fig. 2) is modeled
as a time dependent head boundary condition based on the data
presented in Fig. 2.
The initial groundwater table was obtained from the measured
groundwater levels at the beginning of the ﬁrst water release.
No data were available for the depth to groundwater directly
below the river and the water table was extrapolated from the
Fig. 4. Topography and spatial discretization of the Yingsu model. The closer to the
channel in the top right corner, the ﬁner becomes the mesh. The vertical
coordinates have been exaggerated for better graphical presentation.
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measurements at P2 and P1. Fig. 5 illustrates the initial water table
of the 2-D model of Yingsu, the different boundary conditions, the
locations of the observation wells, as well as the three different
vegetation zones.
The initial water table of the 3-D model is shown in Fig. 6. The
water table observed along the transect is assumed to be represen-
tative for the entire model area and used as initial condition for the
entire 3-D model.
2.3.4. Model parameters and model calibration
The transient 2-D model was calibrated using the parameter
estimation software PEST (Doherty, 2010a). PEST optimizes model
parameters by minimizing a least squares objective function of dif-
ferences between weighted observations and model outputs. A
weight has to be assigned to every observation and is ideally rep-
resenting the inverse of the measurement error. The 2-D model
was calibrated against data from releases 1 and 2; the subsequent
releases (releases 3–5, t = 285 until t = 993) were used for valida-
tion. The data of these 5 releases are considered representative of
the rise and fall of the groundwater table and the reaction of veg-
etation in response the ecological water releases. The observation
data sets used in the calibration were:
 Groundwater levels measured between 7. November 2000
(t = 0) and 19. August 2001 (t = 285), i.e. 23 observations for
each of the four wells P1–4.
 A transpiration estimate representing the ﬁrst 230 days of 2001,
which are included in the calibration period (1. January 2001
(t = 55) 19. August 2001 (t = 285)).
A weight of 2, representing a very conservative measurement
error of 0.5 m, was assigned to all groundwater level measure-
ments. With a weight of 5 assigned to the transpiration estimate,
visibility of transpiration in the calibration objective function
was guaranteed; this being in accordance with the strategy recom-
mended by Doherty and Welter (2010). The weight for transpira-
tion was chosen in the following way: the inverse of the
assumed measurement error of 0.8 m3/a that was introduced in
Section 2.2 is 1.25. Multiplying 1.25 by the number of observation
wells (4) equals a weight of 5.
The calibrated parameters are shown in bold in Table 4. The
upper and lower limits given to each parameter during calibration
are shown in brackets. Uncalibrated parameter values were chosen
for the following reasons: LAI values represent the reference LAI
multiplied by the vegetation density per zone (see Section 2.1).
The coupling length (lexch) for the exchange between the river
and the subsurface was set to a low value to reﬂect the fact that
no clogging layer is present in the stream. By setting C2 to 0
transpiration is inhibited when no trees are present (taking into
account that no grass is growing there). C3 was set to a high value
to ensure rapid uptake of water by the trees, as these trees must be
able to react immediately to the availability of water (see Appendix
A for more details on C2 and C3). Trees that grow in arid environ-
ments, such as in the Tarim Basin, but that are periodically inun-
dated, have developed root systems that allow taking up water
even if their roots are fully submerged (Mitsch and Gosselink,
2007). This behavior is conceptualized by setting hox to a relative
saturation of 1.0 and the anoxic limit (han) to 1.001. The choice of
the ET depth is in line with studies on phreatic evaporation in
Fig. 5. The initial and boundary conditions of the 2-D model. The three zones of different vegetation densities (Z1, Z2, and Z3) are indicated by the dotted lines. The vertical
coordinates have been exaggerated for better graphical presentation.
Fig. 6. Initial condition and topography of the 3-D model of Yingsu. The initial
condition is the same as in the 2-D model. The smaller the distance to the channel,
the higher becomes the resolution of the grid.
Table 4
List of model parameters. Parameters subjected to calibration and their optimized
values are bold. For the calibrated parameters the lower and upper boundaries used in
calibration are given in brackets. See the Appendix A for detailed descriptions of the
parameters.
Aquifer parameters Vegetation parameters
K (m/d) 1.84 (1–25) C1 (–) 0.7 (0.01–200)
n (–) 0.16 (0.1–0.42) C2 (–) 0
a (1/m) 5.04 (4–14) C3 (–) 10
b (–) 2.5 (1.01–2.9) rd1 (zone 1) (m) 3.5 (0.5–7)
Swr (–) 0.02 rd2 (zone 2) (m) 4.3 (1–9)
EP (m/d) 0.0077 rd3 (zone 3) (m) 6 (1–10)
ET depth (m) 0.5 LAI1 (zone 1) (–) 0.0777
lexch (m) 0.001 LAI2 (zone 2) (–) 0.0333
LAI3 (zone 3) (–) 0.006475
hwp (–) 0.05
hfc (–) 0.15
hox (–) 1
han (–) 1.001
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similar regions of Xinjiang (Brunner et al., 2008; Hu et al., 2009; Li
et al., 2009). Other parameters listed in Table 4 represent standard
values for sandy soils.
2.3.5. 2-D model validation
2.3.5.1. Calibrated parameters. Calibrated parameter values are
highlighted in Table 4. Values for the aquifer parameters hydraulic
conductivity (K) and porosity (n) obtained in the calibration pro-
cess compare well to the values found by Yang et al. (2004), and
match the literature values for sandy soil types (Carsel and
Parrish, 1988). The vegetation parameters are also reasonable:
Root depths of the three distinguishable zones of vegetation den-
sity (rd1–rd3) are large enough to reach the saturated zone and
match the depths that were found by Yang and Li (2011). No
reported values of the ﬁtting parameter C1 for arid environments
could be found in literature.
2.3.5.2. Comparison between the simulations and the measure-
ments. In Fig. 7 the simulated and the observed groundwater levels
are compared for the calibration and the validation period. For the
2-D model, the largest discrepancy exists for release 1 in observa-
tion well P1 (Fig. 7a). However, all of the following releases are
reproduced with a signiﬁcantly higher accuracy. The mismatch
for release 1 therefore seems to be related to the missing informa-
tion of the initial water table directly below the stream. The RMSE
for the 2-D model are 0.39 m, 0.35 m, 0.32 m and 0.35 m for wells
P1, P2, P3 and P4, respectively. The RMSE for all 4 observation wells
together is 0.35 m. This mismatch lies within the estimated uncer-
tainty range of groundwater measurements (0.5 m, see Sec-
tion 2.3.4). Also the groundwater levels simulated with the 3-D
model, which was not directly calibrated but based on parameter
values obtained through calibration of the 2-D model, ﬁt the mea-
surements sufﬁciently well (total RSME of 0.69 m). As the simula-
tions also match the data of the mirrored well P4 (see Section 2.1).
The simulated inﬁltration volume amounts to a total of
639 m3/m per bank over all events. As discussed in Section 2.1,
inﬁltration in Yingsu was not measured during the ﬂood events,
but average inﬁltration rates between Daxihaizi, Yingsu and Alagan
could be estimated from discharge measurements (Table 1). The
simulated inﬁltration rates correspond to the estimated average
inﬁltration between the up- and downstream of Yingsu.
2.3.5.3. Comparison between the 2-D and the 3-D model. The 2-D
model compares well to the 3-D model of the Yingsu area. A com-
parison of simulated groundwater levels is shown in Fig. 8a–d.
Differences between the two models are more pronounced in the
beginning of the simulation, possibly related to uncertainty in
the initial groundwater levels. Considering the NSE coefﬁcients
for the groundwater levels of the two models, the models perform
almost identically well, with a value of 0.97 for the 2-D and a value
of 0.91 for the 3-D model (for the dimensionless NSE coefﬁcient a
value of 1 represents the best and a value of 1 the worst possible
ﬁt). Hence, the comparison of absolute groundwater levels, RMSE,
and NSE reveal that 3-D effects are minimal and do not signiﬁ-
cantly affect the questions we seek to answer.
In addition to groundwater levels, the riparian water use efﬁ-
ciency was also compared between the models. The comparison
revealed that the simulated efﬁciencies of the two approaches
are nearly identical, providing further evidence that the 2-D
approach is a valid approximation of the system. The efﬁciencies
are further discussed in Section 3.1, and shown in Fig. 9.
2.3.6. Predictive uncertainty and data worth analysis
In order to assess the data worth of observations of hydraulic
head and of estimates of transpiration, the pre- and post-calibra-
tion predictive uncertainties for a prediction of inﬁltration and
for a prediction of transpiration are quantiﬁed using the PEST util-
ity GENLINPRED (Christensen and Doherty, 2008; Doherty, 2010b).
Linear uncertainty analysis can provide valuable insights into pre-
dictive uncertainty, even if applied to highly non-linear models
(Brunner et al., 2012; Dausman et al., 2010). GENLINPRED estab-
lishes the worth of a particular observation by calculating how
Fig. 7. Groundwater levels simulated with the calibrated 2-D model in comparison to the measured groundwater levels. Indicated is the calibration period (releases 1 and 2),
as well as the validation period (releases 3–5).
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much the uncertainty of a prediction can be reduced through inclu-
sion of this individual observation in the calibration dataset. In this
study the data worth of a whole group of elements of the calibra-
tion dataset is considered, i.e. either all hydraulic head observa-
tions together or the transpiration observations. The reduction in
uncertainty of a prediction, achieved through inclusion of different
observation groups in the calibration dataset, is a measure of data
worth.
The inﬂuence of measurement uncertainty on predictive uncer-
tainty can also be explored in this analysis by varying the weights
given to the different observation groups during the calibration
process. As mentioned above in Section 2.3.4 and described by
Doherty and Welter (2010), the choice of weights can be a subjec-
tive process: While weights ideally represent the inverse of
measurement uncertainty, both the number and distribution of
measurement data points may require alternative weights in order
to guarantee visibility of important measurements in the calibra-
tion objective function.
2.3.7. Flow of information analysis
While linear-type uncertainty analyses, as described above, are
very useful to quantify the uncertainty of a given prediction, they
do not provide insights into how exactly the observations used in
the calibration process inform individual model parameters during
calibration. This information can be extracted by the ﬂow of infor-
mation analysis: The ﬂow of information from a calibration dataset
to the parameters undergoing calibration can be tracked by sub-
jecting the calibration sensitivity matrix to a Singular Value
Decomposition (SVD) (Doherty, 2010a,b). Hill and Østerby (2003)
showed that the SVD method performs equally well compared to
other parameter correlation methods in identifying correlation
between observations and parameters in groundwater ﬂow
models.
Quantifying the ﬂow of information is mathematically more
challenging than linear uncertainty analysis and requires a solid
understanding of the concept of Eigenvectors and Singular Values.
The detailed mathematics of this method and its application are
described in the PEST manual (Doherty, 2010a,b) and in (Doherty
and Hunt, 2009; Hill and Østerby, 2003). A qualitative description
based on Aster et al. (2005) and Hill and Tiedemann (2007) is given
here: Hill and Tiedemann (2007) describe that, in principle, apply-
ing SVD to the calibration sensitivity matrix yields the Eigenvalues,
i.e. the Singular Values, and the associated Eigenvector pairs, i.e.
the Eigenvector of parameters and the Eigenvector of observations.
There are as many Eigenvector pairs coupled by Singular Values as
there are parameters that are calibrated. Singular Values establish
a ranking among the Eigenvectors. Eigenvectors that have Singular
Values close to a maximum value of 1 indicate the highest ﬂow of
information, i.e. the most sensitive and informative couplings
between observations and parameters. Analysis of the members
of the Eigenvectors allows simultaneously identifying the sensitive
parameters as well as the observations that inform these parame-
ters. In each Eigenvector individual elements are associated with a
coefﬁcient between 1 and 1, and the squared sum of all
coefﬁcients amounts to 1. The coefﬁcients are a measure of impor-
tance of an individual element relative to other elements of the
same Eigenvector. Hence, in the Eigenvector of observations the
magnitude of a coefﬁcient is a measure of the ability to inform
the paired Eigenvector of parameters. And vice versa, the magni-
tude of the coefﬁcient of each parameter in the Eigenvector of
parameters is a measure of its sensitivity to the paired Eigenvector
of observations.
3. Results
3.1. Riparian water use efﬁciency
A volume of 18.3 m3 of water is transpired during the 5 ecolog-
ical water releases in the 2-D model (t = 0 until t = 993). This com-
pares well with the volume estimated from tree ring growth (see
Table 3). Regarding the riparian water use efﬁciency, the phreato-
phytes consume a total of only 2.9% of the water that inﬁltrates
Fig. 8. Results of the simulations with the 3-D model, obtained with the parameters calibrated in the 2-D model. 3-D model results are compared to the measured
groundwater levels and the 2-D simulation results.
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during that time. The remaining 97.1% of the inﬁltrated water are
stored in the aquifer. Part of this inﬁltrated water remains available
to the trees. The ratio of simulated transpiration to inﬁltration
increases with time: Simulation of 1000 additional days without
further ﬂooding after release 5 shows that the trees could poten-
tially use up to a total of 3.24% of inﬁltratedwater (Fig. 9). The ripar-
ian water use efﬁciency therefore improves over time. In order to
complement the validation of the 2-D approach (see Section 2.3.5.),
the efﬁciency calculated with the 3-D approach is also plotted in
Fig. 9. The calculated efﬁciencies are essentially identical.
3.2. Predictive uncertainty and data worth
In order to analyze the data worth of the observation data, the
data’s potential to reduce the uncertainty for the prediction of the
transpiration volume for 2002 (Table 3) and the inﬁltration volume
for release 3 (Table 1) was quantiﬁed. The uncertainty of both pre-
dictions was calculated under consideration of the two groups of
data used in calibration: i.e. observations of hydraulic heads (group
H) and the estimate of transpiration (group T). The predictive
uncertainty reduction was analyzed for the use of both groups of
data separately (i.e. only H or T), as well as for their conjunctive
use (H + T).
Recall that by systematically varying the weights associated to
each observation group in the calibration dataset, the relation
between measurement uncertainty and predictive uncertainty
can be explored. The standard weights for this analysis are the
weights used in the calibration process (see Section 2.3.4). The
weights for H were kept constant, as the measurement accuracy
is reasonably well known. As discussed in Section 2.2, however,
the estimates of T are highly uncertain and the uncertainty might
exceed the estimated 0.8 m3/a. To explore this uncertainty, the
weights for T were varied, ranging from the highest weight (5),
as used during calibration, to a very small weight (0.01), represent-
ing a measurement uncertainty of 400 m3.
The resulting predictive uncertainties, expressed as total uncer-
tainty standard deviations, for the transpiration volume of 2002
and the inﬁltration volume of release 3 are listed in Table 5.
3.2.1. Prediction of the transpiration for 2002
If just an observation of T with a high weight of 5 is employed in
the absence of observations of H, the predictive uncertainty of
transpiration of 2002 can be reduced by a factor of 330 in compar-
ison to the uncalibrated model. Even a very conservative weight of
0.05, representing a very high uncertainty for the observation of T,
leads to a reduction of the predictive uncertainty of transpiration
by a factor of 12.
When just observations of H are employed, a comparison of the
pre-calibration with the post-calibration predictive uncertainty of
transpiration reveals a reduction by a factor of 10; signiﬁcantly less
compared to using observations of T only.
The combination of both observation groups (H + T) is particu-
larly helpful when the uncertainty of transpiration is very high,
as could be the case for the estimates from tree ring growth. But
if observations of T are more accurate (e.g. weights of 0.5 and 5),
no further reduction of predictive uncertainty for predictions of
transpiration can be achieved by complementing observations of
T with observations of H.
3.2.2. Prediction of the inﬁltration for release 3
Surprising ﬁndings result for the prediction of inﬁltration.
Employing the observation of T (weight 5), without observations
of H, already reduces the predictive uncertainty of inﬁltration by
a factor of 4.8; this is slightly above the reduction gained by
employing observations of H only (a factor of 4.5). Even a very con-
servative weight of 0.01 for the observation of T yields a reduction
of the predictive uncertainty of inﬁltration by a factor of 2.3. The
combination of observations of H and T, with a high weight for T
(5), results in the highest reduction, by a factor of 6.2.
This demonstrates that observations of T not only provide infor-
mation about transpiration, but also about inﬁltration, as transpi-
ration forms a key part of the water balance. They are especially
valuable when their measurement accuracy is high.
3.3. Flow of information
The results of the SVD analysis, illustrated in Fig. 10, allow relat-
ing the information content of the observations to the parameters
subject to calibration. The Eigenvector pairs are ordered by their
importance in terms of ﬂow of information, represented by the
magnitude of their Singular Values. The pair with the highest
Singular Value is shown in plots 10a&b, the second most important
pair in plots 10c&d, and the third most important pair in plots
10e&f. Plots on the left hand side of Fig. 10a, c, and e represent
the three Eigenvectors of observations. In each of these plots, the
SVD coefﬁcients of groundwater level observations are grouped
by piezometer (P1–4, color coded) and plotted on the horizontal
axis from left to right in order of time. As additional guidance the
four solid lines associated with the secondary vertical axis indicate
the measured groundwater levels over time for each piezometer
separately. The single observation of transpiration (T) forms the
last element on the horizontal axis of these plots. Plots on the right
hand side of Fig. 10b, d, and f contain the three Eigenvectors of
parameters, which are paired with the Eigenvectors of observations
on the same row.
Table 5
The predictive uncertainty reduction for the transpiration of 2002 and the inﬁltration of release 3. H stands for calibration with hydraulic head measurements only, T for
calibration with transpiration only, and H + T for combined calibration. Weights associated to individual observations within each observation group are indicated in brackets. The
2-D model was calibrated with H(2) + T(5).
Predictive uncertainty
Pre- Post-calibration total uncertainty standard deviation (m3)
– H(2) T(0.01) T(0.05) T(0.5) T(5) H(2) + T(0.01) H(2) + T(0.05) H(2) + T(0.5) H(2) + T(5)
Transpiration of 2002 427.8 43.2 161.2 34.7 3.7 1.3 41.9 27.2 3.7 1.2
Inﬁltration of release 3 211.2 46.8 89.2 46.7 43.6 43.6 46.2 39.7 34.3 34.2
Fig. 9. Comparison of the riparian water use efﬁciency simulated with the 2-D and
the 3-D models spanning the entire simulation period plus an additional 1000-days
relaxation period without additional stream-ﬂow.
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Recall that observations with high, absolute SVD coefﬁcients in
the Eigenvectors of observations have high information content;
they inform the parameters that have high, absolute SVD
coefﬁcients in the associated Eigenvectors of parameters. As
already shown in Section 3.2 on data worth, plots 10a and 10c
indicate high coefﬁcients for transpiration and further support
the ﬁnding that the information content of transpiration is high.
The associated plots of Eigenvectors of parameters show that
transpiration informs the inverse relation between the hydraulic
conductivity (K) and the porosity (n) (represented by high
coefﬁcients in opposing directions in Fig. 10b) and to a lesser
extent the relationship between the vegetation ﬁtting parameter
C1 and the Van Genuchten parameter b (represented by high
coefﬁcients in opposing directions in Fig. 10d). Additionally, plot
10b shows that the relation between K and n is also informed con-
siderably by observations of hydraulic head. This can be intuitively
understood, as the relation between K and n is linked to the
diffusivity of an aquifer, and this determines the speed of lateral
propagation of groundwater movement. In the present case, this
determines the time over which the water level is high, and over
which water is thus available for transpiration by phreatic
vegetation. Plots 10c and 10d also illustrate the high information
content of transpiration data with respect to the unsaturated
zone, represented by the high coefﬁcients for both T and the
parameter b. This might reﬂect the fact that water must undergo
capillary rise through the unsaturated zone to replenish transpira-
tion demands, as the relation between suction pressure and
saturation is a function containing b in the exponent.
The combination of observations in plot 10e informs a similar
combination of parameters as the combination of observations of
plot 10a. The difference between the ﬁrst (10a) and the third
(10f) Eigenvector of parameters lies mainly in the algebraic signs
of the SVD coefﬁcients of the important parameters. Information
in the third Eigenvector of observations (10e) lies in the interplay
between the rise and fall of the groundwater levels, rather than
in the interplay between groundwater levels and transpiration, as
is the case for the ﬁrst Eigenvector of observations (10a). This
interplay is represented by the change from positive to negative
coefﬁcients for each piezometer after the ﬁrst release.
4. Discussion
This study was motivated by an important environmental prob-
lem in western China, where P. euphratica forests along the lower
Tarim River are endangered due to a dramatically reduced amount
of available surface water. The ecological water releases initiated
by the Chinese government, which started in 2000, aim at saving
these forests. The efﬁciency of such measures has to be ensured.
Fig. 10. Eigenvector pairs of the SVD analysis. On the left hand side, Eigenvectors of observations are illustrated. The horizontal axis shows all the groundwater head
observations of the four wells that were used in the calibration (P1–P4), ordered by time and grouped by well, as well as the single transpiration observation (T). The primary
vertical axis indicates the importance of each observation in informing the paired Eigenvector of parameters; a high absolute SVD coefﬁcient represents high information
content. The red line associated with the secondary vertical axis represents the elevation of the simulated groundwater table in each observation well. The Eigenvectors of
parameters are shown in the right column of this ﬁgure. Every row represents an Eigenvector pair, each pair being associated with one Singular Value. The three pairs are
ordered by the magnitude of their Singular Value, with the highest Singular Value and therefore the most important pair in top row.
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Ecologists can provide estimates of the amount of water that is
needed by the trees. However, numerical modeling is essential to
quantify the amount of stream ﬂow that is required to replenish
the alluvial aquifers, which provide that water to the trees. The
high number of parameters that have to be calibrated in such a
numerical model simulating surface water, groundwater, and veg-
etation dynamics is in strong contrast to the limited amount of
available observation data. We have explored an approach that
allows signiﬁcantly reducing the lack of data by using the historic
information encapsulated in tree rings. In this paper we have dem-
onstrated how such unconventional data can be included in the
calibration dataset, we highlighted which parameters they inform,
and we estimated the value of these data by quantifying howmuch
these data reduce uncertainty of key predictions as a function of
their measurement uncertainty. The speciﬁc implications of these
analyses for the Tarim River site provide a solid basis for future
data acquisition and modeling approaches targeting the optimiza-
tion of the riparian water use efﬁciency.
While previous modeling attempts along the Tarim River
focused solely on the information contained in groundwater level
measurements (Yang et al., 2004), our predictive uncertainty
analysis suggests that their use alone leaves an information
deﬁcit regarding transpiration and inﬁltration rates. We demon-
strated that these deﬁcits are related to the inability of such data
to constrain the water balance (as shown in other studies, e.g.
Brunner et al. (2012) and Doble et al. (2006)). This provides further
evidence that measuring transpiration, and including these data
into the modeling framework, is of outstanding importance for
the quantiﬁcation of surface water, groundwater, and vegetation
dynamics.
In a novel attempt unique to this study, a relationship between
depth to groundwater, tree ring growth, and transpiration was
established and integrated in the calibration data set. The ﬂow of
information analysis showed that these indirect estimates of tran-
spiration inform parameters required for the simulation of riparian
dynamics. Speciﬁcally, the observations of transpiration inform
parameters describing the unsaturated zone as well as parameters
describing evapotranspiration processes. Counter-intuitively, even
highly uncertain estimations of transpiration can improve the pre-
dictive performance of the model. In the absence of transpiration
data parameters estimated on the basis of shallow groundwater
measurements only are non-unique. As a consequence, the high
predictive uncertainty of the simulations makes the optimization
of ecological water releases very unreliable.
Our analyses for the Tarim River showed that tree ring growth
data provide a possible proxy for transpiration. The current estima-
tion of transpiration through tree ring growth should be improved,
however, and complemented with more accurate, additional infor-
mation, e.g. more tree ring samples as well as direct sap ﬂow mea-
surements during future ﬂow releases. This information would
allow using the historic data encapsulated in tree rings to their full
potential, thus further increasing the predictive performance of the
model. Finally, direct observations of inﬁltration should be mea-
sured as well, as this would allow constraining the water balance
further.
Our simulations indicated that the riparian water use efﬁciency
increased over time with increasing release event number. This is
not a surprising result, as the water volume required to inﬁltrate
and bring thewater tablewithin range of the root zonewas reduced
for each subsequent release due to locally retained recharge. Mod-
eling has allowed this effect to be quantiﬁed. Such quantiﬁcation is
a vital input to the design of a long-term release strategy, in which,
among other things, the relative effectiveness of large occasional
releases will be balanced against those of smaller, more frequent
releases. Other considerations will of course also play a part in such
a design, including the timing of demand for irrigation by upstream
users. This will lead to an optimization problem, inwhichmodeling,
supported by targeted data acquisition, should play a central role.
5. Conclusions
Integrated water resources management requires a quantitative
understanding of the interactions and feedback mechanisms
between groundwater, surface water, and vegetation processes.
The Tarim River is a good example where such a holistic under-
standing of the system is essential for the successful restoration
of the riparian vegetation. A complex numerical model capable of
simulating riparian systems is required to respond to the pertinent
questions of efﬁciency and sustainability of the different manage-
ment options. A bottleneck to the application of such complex
models is the lack of observation data. In fact, many hydrological
or hydrogeological models are based solely on ‘‘classical’’ observa-
tions such as hydraulic heads or surface water runoff. These types
of data, however, are insufﬁcient to inform complex ecohydrolog-
ical models, such as the Tarim model.
In this paper we demonstrated the importance of including
transpiration estimates in the calibration data sets for models sim-
ulating riparian ecosystems. The inverse methods employed in our
study allowed quantifying to what extent new observations reduce
predictive uncertainties. Even though the uncertainties in estimat-
ing transpiration from tree rings are considerable for this speciﬁc
ﬁeld site, we could nonetheless show that the historic information
encapsulated in tree rings is of substantial value. The wider ecohy-
drological community will beneﬁt from exploring the largely
untapped resources of information stored in tree rings to estimate
historic transpiration. The inverse approaches applied in this con-
text can easily be employed to other modeling applications. They
can be used to explore the potential of any other type of observa-
tion data, providing a solid basis for efﬁcient and targeted ﬁeld
data acquisition.
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Appendix A. The mathematics of HydroGeoSphere
The following version of the Richards Eq. (1) for subsurface ﬂow
is used in HGS:
r  ðwmqÞ þ
X
Cex  Q ¼ wm @
@t
ðhsSwÞ ð1Þ
Sw: degree of saturation [–].
Cex: volumetric ﬂuid exchange rate between the surface and the
subsurface zone [L3 L3 T1].
hS: saturated water content [–].
wm: volumetric fraction of the total porosity occupied by the
porous medium [–].
Q: ﬂuid exchange with the outside of the simulation domain
[L3 L3 T1].
As we only simulate one porous medium and do not consider
fractures, wm is equal to 1. The ﬂuid ﬂux q [L T1] is outlined in
Eq. (2) and contains the relative permeability kr = kr(Sw) [–]:
12
q ¼ K  krrðwþ zÞ ð2Þ
K: saturated hydraulic conductivity tensor [L T1].
w: pressure head [L].
z: elevation head [L].
Flow coupling between the surface zone and the subsurface
porous medium is calculated with the dual node approach, where
exchange is deﬁned by Eq. (3):
d0C0 ¼ krKzzlexch ðH  H0Þ ð3Þ
Kzz: vertical saturated hydraulic conductivity [L T1].
lexch: coupling length [L].
H0: surface water head [L].
H: subsurface water head [L].
The subsurface porous medium Eq. (4) relates the degree of
saturation Sw to the pressure head w and Eq. (5) puts it in relation
to the relative permeability kr.
Sw ¼ Swr þ ð1 SwrÞ½1þ jawjbt for w < 0
Sw ¼ 1 for wP 0
ð4Þ
krðwÞ ¼ SðlpÞe ½1 ð1 S1=te Þ
t2 ð5Þ
Se ¼ ðSw  SwrÞ=ð1 SwrÞ ð6Þ
Swr: residual water saturation [–].
a: Van Genuchten parameter [L-1].
b: Van Genuchten parameter [–].
t: given as 1–1/b with b > 1.
Se: effective saturation [–].
lp: pore-connectivity parameter (=2)
Li et al. (2008) describe the equations for the calculation of
evapotranspiration (ET) used in HGS as follows: The potential
evapotranspiration Ep represents the maximum possible amount
of water than can be evaporated with unlimited water supply.
Due to the negligible amount of rain, interception and thus canopy
evaporation Ecanopy becomes zero for the water balance in this
study. Transpiration from vegetation in contrast, is very important.
Key variables of the calculation of transpiration (7) are the leaf area
index LAI [–] (8), the soil moisture content h [–] (9), and the root
distribution function RDF [–]. The RDF describes how with increas-
ing depth fewer roots are present. In this study the RDF is a simple
quadratic decay function.
Tp ¼ f 1ðLAIÞ f 2ðhÞ RDF ½Ep  Ecanopy ð7Þ
f 1ðLAIÞ ¼ maxf0;min½1; ðC2 þ C1LAIÞg ð8Þ
C1, C2: transpiration ﬁtting parameters [–].
The function of soil water content f2(h) is a dependence term.
Below the wilting point hwp [–] transpiration is zero. A maximum
of transpiration is reached between the ﬁeld capacity hfc [–] and
the oxic limit hox [–].
f 2ðhÞ ¼
0 0 6 h 6 hwp
f 3 hwp 6 h 6 hfc
1 for hfc 6 h 6 hox
f 4 hox 6 h 6 han
0 han 6 h

ð9Þ
f 3 ¼ 1
hfc  h
hfc  hwp
 C3
ð10Þ
f 4 ¼ 1
han  h
han  hox
 C3
ð11Þ
C3: transpiration ﬁtting parameter [–].
hwp: moisture content at wilting point [–].
hfc: moisture content at ﬁeld capacity [–].
hox: moisture content at oxic limit [–].
han: moisture content at anoxic limit [–].
For further details on the mathematics of HGS consult the man-
ual (Therrien et al., 2010).
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